Acid-sensing ion channel-1a (ASIC1a) is a potential therapeutic target for multiple neurological diseases. We studied here ASIC1a glycosylation and trafficking, two poorly understood processes pivotal in determining the functional outcome of an ion channel. We found that most ASIC1a in the mouse brain was fully glycosylated. Inhibiting glycosylation with tunicamycin reduced ASIC1a surface trafficking, dendritic targeting, and acid-activated current density. N-glycosylation of the two glycosylation sites, Asn393 and Asn366, has differential effects on ASIC1a biogenesis. Maturation of Asn393 increased ASIC1a surface and dendritic trafficking, pH sensitivity, and current density. In contrast, glycosylation of Asn366 was dispensable for ASIC1a function and may be a rate-limiting step in ASIC1a biogenesis. In addition, we revealed that acidosis reduced the density and length of dendritic spines in a time-and ASIC1a-dependent manner. ASIC1a N366Q, which showed increased glycosylation and dendritic targeting, potentiated acidosis-induced spine loss. Conversely, ASIC1a N393Q, which had diminished dendritic targeting and inhibited ASIC1a current dominant-negatively, had the opposite effect. These data tie N-glycosylation of ASIC1a with its trafficking. More importantly, by revealing a site-specific effect of acidosis on dendritic spines, our findings suggest that these processes have an important role in regulating synaptic plasticity and determining long-term consequences in diseases that generate acidosis.
Introduction
Brain acidosis, or a reduction in extracellular brain pH, leads to neuronal damage in multiple neurological diseases (Siesjö, 1982; Sluka et al., 2009 ). However, little is known about whether acidosis regulates synaptic remodeling, which has a critical impact on neuron physiology (Bhatt et al., 2009) . Answering this question will expand our current focus on the toxic effects of acidosis on neuronal cell bodies to include synaptic sites, and advance our understanding of the long-term changes in neuroplasticity in diseases that generate acidosis.
The key mediator of extracellular acidosis is acid-sensing ion channel-1a (ASIC1a), the major proton receptor in the brain (Waldmann et al., 1997; Wemmie et al., 2002; Noël et al., 2010) . ASIC1a mediates acidosis-induced neuronal injury in ischemia and multiple sclerosis Yermolaieva et al., 2004; Gao et al., 2005; Friese et al., 2007) . ASIC1a also regulates neuronal firing and synaptic plasticity, and contributes to seizure termination (Wemmie et al., 2002; Vukicevic and Kellenberger, 2004; Cho and Askwith, 2008; Ziemann et al., 2008) . At the cellular level, ASIC1a localizes to dendrites and dendritic spines, the sites for excitatory neurotransmission in the brain, and mediates acid-induced intracellular Ca 2ϩ concentration ([Ca 2ϩ ] i ) change in dendritic region (Zha et al., 2006; Bhatt et al., 2009 ). Together, these data emphasize the importance of ASIC1a in acidosisinduced neuronal injury and spine remodeling. Thus, a better understanding of the basic biological processes regulating ASIC1a will provide important insight into the etiology of multiple diseases.
One fundamental way to regulate an ion channel is by modulating its trafficking, which is tightly controlled by its maturation through the secretory pathway (Hebert et al., 2005) . However, there is a dearth of knowledge concerning ASIC1a maturation and its role in ASIC1a trafficking and function. In one study, mutating the glycosylation sites of ASIC1a decreased its current amplitude in Xenopus oocytes (Kadurin et al., 2008) . Also, as we showed recently, extracellular mutants with reduced glycosyla-tion exhibit reduced surface trafficking in Chinese hamster ovary (CHO) cells (Jing et al., 2011) . While these results are interesting, no experiments have directly assessed whether N-glycosylation regulates ASIC1a surface expression. Besides surface expression, trafficking in neurons contains another important aspect-the targeting to distinct neuronal compartments, including dendrites, axons, and synaptic sites. Although it is known that ASIC1a preferentially localizes to dendrites (Zha et al., 2006 (Zha et al., , 2009b , it remains unclear whether the maturation process regulates ASIC1a trafficking to the dendritic region.
Here, we investigated the role of glycosylation in ASIC1a trafficking and acidosis-induced dendritic remodeling. We found that the majority of ASIC1a in the brain is fully glycosylated, and maturation of N-glycans is necessary for efficient surface expression and dendritic targeting of ASIC1a. ASIC1a glycosylation further regulates ASIC1a pH sensitivity and acid-activated current density. These findings are the first to reveal the importance of N-glycosylation in ASIC1a trafficking and function in brain neurons. More importantly, our data on acid-induced spine remodeling suggest a novel direction for future investigation of how acidosis and ASICs regulate plasticity in diseases.
Materials and Methods

Mice. ASIC1a
Ϫ/Ϫ mice on a congenic C57BL/6 background were kindly provided by Drs. Michael Welsh and John Wemmie (Howard Hughes Medical Institute and University of Iowa, Iowa City, IA). Wild-type and knock-out mice were maintained as described previously (Zha et al., 2009b) . Postnatal day 6 (P6) pups of either sex or P15-P16 males were used for this study. Animal care met National Institutes of Health standards and all procedures were approved by the University of South Alabama Animal Care and Use Committee.
Constructs and reagents. Lck-GFP and rat ASIC1a were kindly provided by Drs. Steven Green (University of Iowa, Iowa CIty, IA) and Michel Lazdunski (Institut de Pharmacologie Moléculaire et Cellulaire, Valbonne, France), respectively. Constructs encoding mouse ASIC1a and N-terminal hemagglutinin (HA)-tagged mouse ASIC1a have been described previously (Zha et al., 2006 (Zha et al., , 2009a Jing et al., 2011) . HA-tag was added to human ASIC1a by PCR-mediated subcloning. Mouse N366Q, N366A, N393Q, and N366Q/N393Q (QQ) mutants, the rat N366Q mutant, and the human N368Q mutant were generated with a QuikChange mutagenesis kit (Agilent Technologies), following the manufacturer's instructions. All constructs were verified by sequencing. Rabbit anti-ASIC1 was kindly provided by Dr. John Wemmie (Wemmie et al., 2003) . Other antibodies used were as follows: rat monoclonal anti-HA (Roche), mouse anti-tubulin (Hybridoma Bank), mouse anti-HA (Syd Labs), goat anti-ASIC1 (Santa Cruz Biotechnology), and Alexa 568-, 680-, 800-, and Dylight 680-conjugated secondary antibodies (Invitrogen, LI-COR Biosciences, and Pierce). Other reagents used were as follows: endoglycosidase H (endo H) and peptide N-glycosidase F (PNGase F) (New England Biolabs); NHS-sulfo-LC-biotin and NeutrAvidin Beads (Pierce); tunicamycin (Thermo Fisher Scientific); culture media and serum (HyClone and Invitrogen); Fugene HD (Roche); and Lipofectamine 2000 (Invitrogen).
CHO cell culture and transfection. CHO-K1 cells were purchased from ATCC and used between passages 3 and 14. CHO cells were grown in F-12K supplemented with 10% fetal bovine serum in a humidified 5% CO 2 incubator. For biochemistry experiments, cells were plated onto 60 mm dishes at a density of 3-4 ϫ 10 4 cells/cm 2 (6 -8 ϫ 10 5 per 60 mm dish) and transfected using Lipofectamine 2000, following the manufacturer's instruction. For electrophysiology, cells were grown in 35 mm dishes at a density of 50 -70% and transfected using Fugene HD following the manufacturer's instruction. For tunicamycin treatment, cells were treated with 0.5 g/ml tunicamycin for 24 h before analysis.
Deglycosylation. Cell lysate was deglycosylated with PNGase F or endo H similar to what was described previously (Jing et al., 2011) . Briefly, the samples were denatured at 95°C for 10 min and cooled to room temperature. For PNGase F digestion, NP-40 was added to a final concentration of 1%. The reaction mixture was incubated overnight at 37°C with PNGase F [Ն0.08 IUB milliunit (mIUB) for CHO lysate or Ն0.6 mIUB for brain lysate] or endo H (Ն1 mIUB for CHO lysate or Ն4 mIUB for brain lysate) per 300 g of total proteins. The amount of enzymes used ensured a complete deglycosylation based on our titration experiments. Following PNGase F or endo H treatment, isolation and analysis of surface proteins were performed as described below.
Surface biotinylation, NeutrAvidin pull-down, and Western blot. Surface biotinylation and NeutrAvidin pull-down were performed similar to what has been described previously (Zha et al., 2009a; Jing et al., 2011) . For biotinylation of organotypic hippocampal slices, each filter, which contained 6 -8 slices, was cut out and put in a six-well plate. CHO cells or slices were then washed three times with ice-cold PBSϩ/ϩ, followed by 30 min incubation at 4°C in 1.5 ml (for CHO cells in 60 mm dishes) or 1 ml (for slices in each well of the 6-well plate) of PBSϩ/ϩ containing 0.5 mg/ml Sulfo-NHS-LC-Biotin. Cells were washed once with cold PBSϩ/ϩ and the reaction was quenched by 100 mM glycine in PBSϩ/ϩ. Of note, it is essential, especially for biotinylation of slices, to keep the solution and plates ice cold during the whole procedure. Cells were lysed in 300 l of NeutrAvidin lysis buffer (PBS, 1% Triton, 0.5% SDS, 0.5 mg/ml N-ethylmaleimide, with protease inhibiters). Cell lysates were sonicated briefly and centrifuged at full speed with a desktop centrifuge for 10 min at 4°C. For precipitation of surface proteins, 40 l of NeutrAvidin agarose beads were added to 200 l of cell lysate (ϳ400 -600 g of proteins) and the precipitation was performed overnight at 4°C with gentle rotation, followed by three washes with PBS containing 1% Triton.
Surface fraction was eluted with 80 l of 2ϫ sample buffer containing 5% ␤-mercaptoethanol. Total lysate was mixed with an equal volume of sample buffer. Equal volume of surface and total fraction was loaded per lane so the loading into the surface fraction was ϳ5ϫ that of total. The samples were separated by 8% or 10% SDS-PAGE and transferred to nitrocellulose membranes. We eliminated SDS in our gel, which appeared to give better separation of the proteins (SDS was still present in both the sample buffer and the running buffer). Membranes were blocked in blocking buffer (0.1% casein in 0.2 ϫ PBS, pH 7.4) for 1 h. Primary antibodies were diluted with blocking buffer containing 0.1% Tween 20 and incubated at 4°C overnight or at room temperature for 2 h. Secondary antibodies were diluted in blocking buffer containing 0.1% Tween 20 and 0.01% SDS and incubated at room temperature for 1 h. Antibody dilutions were as follows: rabbit anti-ASIC1a, 1:8000 -30,000; goat anti-ASIC1, 1:500; monoclonal anti-HA, 1:1000 -2000; monoclonal anti-tubulin, 1:30,000 -60,000; Alexa 680-, 800-, or Dylight 800-conjugated secondary antibodies, 1:12,000 -16,000. Blots were imaged using an Odyssey Infrared Imaging System according to manufacturer's instructions. Densitometry of imaged bands was performed using NIH ImageJ as described previously (Zha et al., 2006 (Zha et al., , 2009b .
Hippocampal slice culture, transfection, and immunofluorescence. Organotypic mouse hippocampal slice culture was performed similar to the procedures described previously (Zha et al., 2005 (Zha et al., , 2006 Jing et al., 2011) . Briefly, hippocampi from postnatal day 5-7 pups were cut into 350 m thick sections and cultured in Falcon polyethylene terephthalate-etched membrane culture inserts containing 1 m pores (Thermo Fisher Scientific), at a density of 5-6 slices per insert (for biotinylation experiments, slices were cultured at 6 -8 slices per insert). Slices were maintained in filter culture medium containing the following: 25% horse serum, 25% Hanks Balanced Salt Solution, and 50% MEM, supplemented with 2 mM glutamax, 1.5 mg/ml glucose, 44 mg/ml NaHCO 3 , and 10 U/ml penicillin-streptomycin. Slices were grown in a 5% CO 2 humidified incubator. The medium was changed every 2-3 d.
Transfection was performed after 8 -10 d in culture with a Helios genegun (Bio-Rad) at 70 -75 psi, similar to what has been described previously (Zha et al., 2006 (Zha et al., , 2009b . For spine analysis, all slices were fixed 2 d after transfection, at an age equivalent of postnatal day 17 (e.g., P6 ϩ 11 DIV), except that one set of the ASIC1a knock-out slices were fixed at P5 ϩ 10 DIV. When needed, slices were treated with medium of different pH for 30, 60, and 90 min before fixation. Medium pH was buffered with 10 mM HEPES and 10 mM MES or with 20 mM MES. The osmolarity of medium at different pHs was adjusted to be 308 -318 mOsm, within the same range of filter culture medium. To study the effect of tunicamycin on dendritic targeting, slices were treated with 0.5 g/ml tunicamycin for 24 h before fixation. One technical note is that while the general dendritic arborization appeared intact after tunicamycin treatment, many neurons showed blebbed or uneven dendrites. Although this caveat did not affect our quantification of dendritic ASIC1a levels at low magnification, high-resolution imaging of spines or quantification of spine ASIC1a levels is not practical after tunicamycin treatment. Slices were fixed with 4% paraformaldehyde in Hanks' balanced salt solutionϩ/ϩ containing 6 mg/ml glucose and 20 mM HEPES, pH 7.3, for 10 -15 min, followed by three washes with PBSϩ/ϩ. Immunofluorescence was performed as described previously (Zha et al., 2006) .
Confocal microscopy and analysis. Confocal images were captured using a laser scanning microscope (Nikon A1), similar to what has been described previously (Jing et al., 2011) . Briefly, illumination was provided by an argon (Ar, 458, 488, 514 nm lines) and a 561 nm diode laser. To eliminate bleedthrough, green and red channels were imaged sequentially using 488 nm excitation and a 525/50 emission filter and 561 nm excitation and a 595/50 emission filter, respectively. Images were captured with a 20ϫ/0.75 multi-immersion lens or a 63ϫ/1.2 PL APO water lens. To visualize spines, a series of high-resolution images (1024 ϫ 256 to 1024 ϫ 1024 pixel array) were captured at a z-step of 0.4 -0.5 m with an additional electronic zoom of 4, with an average of four scans in each single plane. For each transfected neuron, one middle segment of an apical dendrite (ϳ100 -200 m away from the cell body layer) was imaged and used for spine analysis. The image field of view was ϳ50 -70 m and thus covered a large fraction of the medial portion of an apical dendrite. Raw images were exported and further analyzed in NIH ImageJ.
All spine quantifications were done with the observer blinded to experimental conditions. All images were analyzed using the 3D stacks, similar to what has been described previously (Zha et al., 2005 (Zha et al., , 2006 . For quantification of ASIC1a immunofluorescence in spines, a line was drawn across the spines and their adjacent shafts, and raw ASIC immunofluorescence and GFP fluorescence intensities were measured. The maximum value was used for a given spine or shaft area. As a control, spine/shaft ratio of ASIC was normalized to that of Lck-GFP. Similarly, a line profile analysis was performed to quantify the relative ASIC1a levels in the apical dendrite and cell body.
Electrophysiology in CHO cells. Whole-cell patch-clamp recordings in CHO cells were performed as described previously (Jiang et al., 2009 (Jiang et al., , 2010 . Briefly, patch electrodes, constructed from thin-walled borosilicated glass, have resistance ranging from 3 to 6 M⍀ when filled with intracellular solution (mM) as follows: 140 K-gluconate, 10 HEPES, 11 EGTA, 2 TEA, 1 CaCl 2 , 2 MgCl 2 , and 4 K 2 ATP, pH 7.2-7.3 (290 -300 mOsm). Whole-cell currents were elicited by a drop in pH from 7.4 to different pHs at a holding potential of Ϫ60 mV and recorded using Axopatch 200B amplifiers (Axon CNS, Molecular Devices). Data were filtered at 2 kHz and digitized at 5 Hz, and acquired using pClamp. Standard extracellular fluid (ECF) contained the following (in mM): 140 NaCl, 5.4 KCl, 2.0 CaCl 2 , 1.0 MgCl 2 , 20 HEPES, and 10 glucose, pH 7.4 (320 -330 mOsm). For solutions with a pH Յ 6.0, MES was used instead of HEPES for more reliable pH buffering (Chu et al., , 2006 Jiang et al., 2009 Jiang et al., , 2010 . A multibarrel perfusion system (SF-77, Warner Instrument) was used to achieve a rapid exchange of extracellular solutions.
ASIC1a channels were triggered by a drop in pH from 7.4 to given values (e.g., pH 6.0) every 2 min to allow a complete recovery of the channel from desensitization. During each experiment, a voltage step of Ϫ10 mV from the holding potential was applied periodically to monitor the cell capacitance and the access resistance. Recordings in which either the access resistance or the capacitance changed by Ͼ10% during the experiment were excluded from data analysis. For pH activation curves, the ECF flowing out of one barrel of the perfusion system was pH 7.4 while the ECF flowing out of the second barrel was switched to pH 7. 0, 6.9, 6.8, 6.5, 6.3, 6 .0, and 5.5 sequentially. Acid-triggered currents at each pH were normalized to the peak current activated at pH 5.5. Normalized values were fitted to the Hill equation using SigmaPlot 10 software to obtain pH 50 values and Hill coefficients. To determine the time constant of the desensitizing portion of the ASIC currents, pH 6.0-activated currents were fitted by a single, standard exponential equation using Clampfit 10.2.
Expression and whole-cell electrophysiology in Xenopus oocytes. Culture and cDNA injection of Xenopus oocytes were done similar to what has been described previously (Collier and Snyder, 2009) . Briefly, oocytes from albino Xenopus laevis were manually defolliculated following a 1 h treatment with 0.75 mg/ml type IV collagenase (Sigma-Aldrich) in Ca 2ϩ -free ND-96 containing the following (in mM): 96 NaCl, 2 KCl, 1 MgCl 2 , 5 HEPES, pH 7.4. Following nuclear injection of cDNAs (0.06 g/l) encoding WT or mutant ASIC1a, cells were incubated at 18°C for 20 -24 h in modified Barth's saline containing the following (in mM): 88 NaCl, 1 KCl, 0.33 Ca(NO 3 ) 2 , 0.41 CaCl 2 , 0.82 MgSO 4 , 2.4 NaHCO 3 , 10 HEPES, 50 g/ml gentamycin, 10 g/ml sodium penicillin, 10 g/ml streptomycin sulfate, pH 7.4. Oocytes were voltage-clamped (twoelectrode voltage-clamp) and currents were amplified with an Oocyte Clamp OC-725C (Warner Instruments), digitized with a MacLab/200 interface (ADInstruments), and recorded and analyzed with Chart software (ADInstruments). Recordings were performed at Ϫ60 mV in a Ringer's solution containing the following (in mM): 116 NaCl, 2 KCl, 0.4 CaCl 2 , 1 MgCl 2 , 5 HEPES, pH 7.4; pH 5 solutions also contained 5 MES. ASIC currents were evoked by changing bathing solution from pH 7.4 to pH 5.0 Ringer's. Mock or uninjected oocytes did not have pH 5.0-evoked currents.
Statistical analysis. For paired comparisons, we used a two-tailed Student's t test and paired Wilconxon test unless otherwise indicated. For multiple comparisons, we used SAS 9.2 procedure GLM to perform the B, Western blots showing glycosylation of endogenous ASIC1a in hippocampus, cortex, or whole brain isolated from P16 mice. P16 mice were used here to match the age of hippocampal slices used in this study. Note that most ASIC1a in the brain was resistant to endo H. C, Western blots and quantification showing glycosylation of surface and total ASIC1a isolated from organotypic hippocampal slices. Note that the difference between surface (85.2 Ϯ 1.1%) and total (80.4 Ϯ 1.3%) fractions was small but significant statistically. Numbers on the bars indicate the total number of repeats (for A and C); n ϭ 4 for B; p values were from paired t test.
unbalanced ANOVA with a Bonferroni multiple-comparison adjustment, followed by pairwise t test to check the difference between two groups. Data were reported as mean Ϯ SEM for the number of samples indicated.
Results
Fully glycosylated ASIC1a is preferentially trafficked to the cell surface One key signature for protein maturation is the processing of N-linked glycans along the secretory pathway (Rotin et al., 2001; Helenius and Aebi, 2004) . To assess glycosylation of ASIC1a, we transfected CHO cells with cDNAs encoding mouse ASIC1a, did surface biotinylation, and treated the cell lysates with endo H or PNGase F. Endo H removes immature N-linked glycans that have not undergone processing in the middle to late Golgi. In contrast, PNGase F removes both immature and mature N-linked glycans on proteins (Rotin et al., 2001; Helenius and Aebi, 2004) . Similar to our previous results (Jing et al., 2011) , ϳ16 Ϯ 1% of total ASIC1a and 40 Ϯ 5% of surface ASIC1a were resistant to endo H treatment (Fig. 1 A) . These data imply that, at a steady-state level, while the N-glycans on only a small fraction of intracellular ASIC1a in CHO cells has been processed through the middle to late Golgi, a full maturation facilitates an efficient surface expression of ASIC1a.
Next, we studied ASIC1a in the brain isolated from P16 mice, because this age matches that of the slices used in our in vitro studies below. We found that 77% of ASIC1a in the hippocampus was resistant to endo H treatment (Fig. 1 B) . Similarly, 72 and 77% of ASIC1a in the whole brain and cortex, respectively, contained mature N-linked glycans. These data showed that most N-glycans on ASIC1a in the brain have matured through middle to late Golgi.
To further assess glycosylation of the surface fraction of endogenous ASIC1a, we biotinylated organotypic hippocampal slices (P6 ϩ 9 -10 DIV) and performed similar Western blot analysis after endoglycosidase treatment. The percentage of endo H-resistant ASIC1a at the surface was 85.2 Ϯ 1.1%, slightly, but significantly ( p ϭ 0.026, paired t test), higher than that of total ASIC1a (80.4 Ϯ 1.3%) (Fig. 1 D) . Together, our results indicate that N-glycans on endogenous ASIC1a show a higher level of maturation than those on transfected ASIC1a in CHO cells. However, in both CHO cells and hippocampal slices, the surface fraction contained a higher percentage of fully glycosylated ASIC1a, suggesting that matured ASIC1a was preferentially trafficked to the cell surface in both systems.
Glycosylation of Asn393 is critical for ASIC1a surface expression
To further understand the mechanisms regulating ASIC1a glycosylation, we assessed the relative contribution of Asn366 and Asn393, the two potential glycosylation sites of mouse ASIC1a. Cell lysates were treated with PNGase F or endo H as described in Methods and Materials. Surface proteins were then isolated and analyzed by Western blot. PNGase F-treated samples all ran at the same position, indicating that the difference in migration patterns between untreated samples was due to differential glycosylation. Note that N366Q increased the percentage of endo H-resistant populations. Also note the small shift in 4 migration between untreated and PNGase F-treated or endo H-treated N393Q, which shows that the majority of N393Q was glycosylated but was sensitive to endo H (the lower blot has contrast enhanced to better show this result of N393Q). Bottom plot shows the quantification. Asterisks indicate significant differences from WT (p Ͻ 0.001, ANOVA). B, Western blots and quantification (from 7 different repeats) showing the effect of Asn366 and Asn393 mutations on surface expression of ASIC1a. Asterisks indicate significant differences from WT ( p Ͻ 0.05, Wilcoxon signed rank test). C, D, Effect of tunicamycin on ASIC1a glycosylation (C) and surface trafficking (D). ASIC1a-transfected CHO cells were treated with 0.5 g/ml tunicamycin for 24 h. Untreated or PNGase F-treated lysates (C) or surface and total fractions (D) were analyzed by Western blot. Note that tunicamycin had no effect on surface/total ratio of QQ, which has both glycosylation sites mutated. Asterisk indicates significant differences ( p Ͻ 0.01, paired t test). We generated N366Q, N393Q, and QQ mutants and studied their effect on ASIC1a glycosylation. PNGase F-treated WT and single mutants ran at the same position as QQ, showing that the difference in migration patterns between untreated WT and mutant ASIC1a was due to differential glycosylation ( Fig. 2A) . Untreated N366Q ran slightly faster than WT, suggesting that modification of Asn366 led to a small change in molecular weight. Consistent with this speculation, untreated N393Q ran slightly slower than QQ or PNGase F-treated N393Q. These results show that both Asn366 and Asn393 were glycosylated but glycosylation of Asn366 only led to a small increase in the apparent molecular weight of ASIC1a. N366Q and N393Q also differed in the maturation of their N-glycans. N366Q showed a significantly ( p Ͻ 0.0001) higher percentage of endo H-resistant populations than the WT (Fig. 2 A) . However, most N393Q was sensitive to endo H treatment. These data indicate that glycans on Asn393 but not those on Asn366 were preferentially processed in middle-to-late Golgi.
Next, we studied the effect of single and double Q mutants on ASIC1a surface expression. Compared with the WT, N366Q significantly ( p Ͻ 0.0001) increased surface expression, while both N393Q and QQ mutants significantly ( p Ͻ 0.05) reduced ASIC1a surface levels (Fig. 2 B) . The effect of N366Q is somewhat surprising because most mutants that disrupt N-glycosylation either inhibit or have no effect on protein trafficking (Canessa et al., 1994; Quirk et al., 2004; Cai et al., 2005; Li et al., 2007; Vacca et al., 2011) . These results indicate that maturation of Asn393 is necessary and sufficient for efficient surface expression of ASIC1a. In contrast, the reduced maturation and surface levels of N393Q suggest that processing of N-glycans linked to Asn366 may be a rate-limiting step for ASIC1a biogenesis.
The above results demonstrate a correlation between ASIC1a glycosylation and its surface expression. To directly test the effect of glycosylation, we treated the cells with tunicamycin, which inhibits the addition of core glycans (Prescher and Bertozzi, 2006) . After 24 h in tunicamycin, almost all ASIC1a ran at the same position as PNGase F treatment samples, indicating a lack of N-linked glycans (Fig. 2C) . As expected, tunicamycin significantly ( p ϭ 0.002, paired t test) reduced ASIC1a surface expression by 27% (Fig. 2 D) . As an additional control, we studied the effect of tunicamycin on QQ and found that tunicamycin had no effect ( p ϭ 0.17, paired t test) on surface expression of QQ (Fig.  2 D) . These results showed that N-glycosylation is necessary for efficient surface trafficking of ASIC1a.
Glycosylation on Asn393 regulates dendritic targeting of ASIC1a
In addition to surface expression, subcellular targeting is another key aspect of trafficking in neurons. In our previous studies, we showed that ASIC1a is preferentially targeted to dendrites (Zha et al., 2006 (Zha et al., , 2009b . To test the hypothesis that glycosylation is required for ASIC1a dendritic targeting, we transfected organotypic hippocampal slices with HA-ASIC1a together with a membrane-targeted Lck-GFP (Benediktsson et al., 2005) , which facilitates the visualization of transfected neurons. We used N-terminal HA-tagged cDNA constructs because N-terminal HA-tagged ASIC1a shows a localization pattern similar to that of endogenous proteins (Zha et al., 2006 (Zha et al., , 2009b . Similar to our previous studies (Zha et al., 2006 (Zha et al., , 2009b , wild-type ASIC1a was present in most dendrites (Fig. 3A) . To quantitatively analyze the dendritic localization of ASIC1a, we measured the relative ASIC1a immunofluorescence intensity at the cell body and, in the middle segment of the apical dendrite, at ϳ250 m away from the cell body (Fig. 3 A, B) . As a control for diffusion of membrane proteins, we normalized dendrite/cell body ratio of ASIC1a immunofluorescence to that of Lck-GFP. Tunicamycin treatment significantly ( p ϭ 0.0096, Student's t test) reduced the level of ASIC1a in dendrites, suggesting that N-glycosylation was required for efficient dendritic trafficking of ASIC1a (Fig. 3 A, C) .
Since N366Q increased ASIC1a glycosylation while N393Q had the opposite effect (Fig. 2 A) , we wondered whether they differentially affect dendritic targeting of ASIC1a in neurons. Compared with WT ASIC1a, N366Q showed a similar pattern of distribution but had significantly ( p Ͻ 0.001, ANOVA) increased levels in the dendrite (Fig. 3 A, D) . In contrast, N393Q and QQ exhibited diminished localization in dendrites. These data show that maturation of Asn393-linked glycans is required for dendritic targeting of ASIC1a, and the level of ASIC1a in dendrites correlates with its level of maturation. Note that WT and N366Q were present in most dendritic branches, with N366Q showing stronger dendritic staining in distal dendrites. Also note that the majority of tunicamycin-treated WT and almost all N393Q and QQ were restricted to the cell body. B, Line profile showing the fluorescence intensity of ASIC1a (red line) and Lck-GFP (green line) along the two lines illustrated in A. C, Quantification of the effect of tunicamycin on relative ASIC1a levels at midapical dendrites. The ratio of dendritic to cell body ASIC1a fluorescence was normalized to that of Lck-GFP, which controls for passive diffusion of membrane proteins. Numbers in parenthesis indicate the number of neurons quantified from two different experiments. D, Quantification of the effect of glycosylation mutants on relative ASIC1a levels at midapical dendrites. Numbers in parenthesis indicate the number of neurons quantified from six (for WT), four (for N366Q), and three (for N393Q and QQ) different experiments. Asterisks indicate significant differences from WT. E, High-magnification view of a segment of apical dendrite. Note the presence of wild-type and N366Q ASIC1a in most dendritic spines. F, Line profile of the relative fluorescence intensity along the line illustrated in E. Note the difference in relative ASIC1a/Lck-GFP fluorescence intensity in spine versus shaft. G, Quantification of Lck-GFP and ASIC1a spine/shaft ratio. Numbers on the bars indicate the total number of spines quantified from 9 wild-type and 12 N366Q transfected neurons from three separate experiments. Asterisks indicate significant differences from Lck-GFP ( p Ͻ 0.0001, Student's t test). Next, we asked whether N366Q affects the targeting to dendritic spines. We quantified the fluorescence intensity of ASIC1a and Lck-GFP at spine heads and on the dendritic shaft (Fig. 3E-G) . The spine/shaft ratio of ASIC1a fluorescence was significantly ( p Ͻ 0.0001, Student's t test) higher than that of the membranetargeted Lck-GFP. This result demonstrates that ASIC1a is preferentially targeted to dendritic spines. N366Q showed a similar level of enrichment in dendritic spines. Since N366Q had increased dendritic levels, an unchanged spine/shaft ratio from the wild type indicates that absolute level of N366Q in spines is higher than WT.
Glycosylation of ASIC1a regulates its current properties
As a first step to address the functional significance of ASIC1a glycosylation, we studied pH-activated current properties in CHO cells. To directly test whether glycosylation of ASIC1a regulates its current properties, we treated CHO cells with or without tunicamycin for 24 h. Application of acidic pH induced a fast desensitizing inward current, characteristic of ASIC1a (Fig.  4A) . Tunicamycin treatment significantly (p Ͻ 0.001, paired t test) reduced acidactivated current amplitude and density, increased the rate of desensitization of ASIC1a (Fig. 4B-D) , but had no effect on pH sensitivity. pH 50 for control and tunicamycintreated cells were 6.42 Ϯ 0.03 and 6.38 Ϯ 0.03, respectively (n ϭ 5 for both control and tunicamycin-treated cells, p ϭ 0.428, paired t test). These results are consistent with our biochemical analysis, which showed that tunicamycin reduced ASIC1a surface levels.
To gain more insight into the mechanism, we studied pH-activated current of the glycosylation mutants of ASIC1a. N366Q increased the amplitude, density, and pH sensitivity (Fig. 5A-D) . The pH 50 for N366Q was 6.82 as opposed to 6.30 for WT ( p Ͻ 0.001, Student's t test). In contrast, N393Q and QQ did not show a change in pH sensitivity but had significantly reduced pH-activated current. In addition, the rate of desensitization was significantly (p Ͻ 0.01, Student's t test) changed in all mutants (Fig. 5E) ; of desensitization (in seconds) was as follows: WT, 2.68 Ϯ 0.34; N366Q, 5.73 Ϯ 0.82; N393Q, 1.85 Ϯ 0.21; QQ, 1.35 Ϯ 0.08. These results show that the maturation of Asn393 is important for ASIC1a channel function.
The reduced current of N393Q raised a question of whether N393Q can function as a dominant-negative construct. To answer this question, we coexpressed wild-type ASIC1a and the N393Q mutant in CHO cells and studied pH 6-activated current. Cells expressing both N393Q and wild-type ASIC1a had significantly (p Ͻ 0.001, paired t test) reduced current density and faster of desensitization, both similar to when N393Q was expressed alone (Fig. 5F ). These data demonstrate that N393Q functions dominantnegatively in inhibiting ASIC1a current.
Our results on N366Q contrast with those of a previous report, in which an N366A mutant reduced ASIC1a current amplitude in Xenopus oocytes (Kadurin et al., 2008) . To test whether the discrepancy was due to the specific mutation (Asn3 Gln vs Asn3 Ala), we generated an ASIC1a N366A mutant and found that it also increased surface expression and current amplitude of ASIC1a (Fig. 6 A, B) . To further test whether the discrepancy arose from the difference in the culture system, we studied acidactivated current in Xenopus oocytes and found that N366A again Figure 5 . Effects of glycosylation mutants on ASIC1a current properties. CHO cells were transfected with wild-type or mutant ASIC1a as indicated. A, Representative pH-induced current from cells expressing wild-type or mutant ASIC1a. Each set came from the same transfected cell. Inset at the bottom shows superimposed pH 6 currents for WT and mutant ASIC1a to illustrate the differences in the rate of desensitization. B, pH sensitivity of wild-type and mutant ASIC1a. The values for pH 50 were as follows: WT, 6.30 Ϯ 0.19 (n ϭ 8); N366Q, 6.82 Ϯ 0.03 (n ϭ 6); N393Q, 6.31 Ϯ 0.25 (n ϭ 10); QQ, 6.32 Ϯ 0.12 (n ϭ 5). C, D, Quantification of current amplitude (C) and density (D) of pH 6.5-induced and pH 6.0-induced current. E, Quantification of the rate of desensitization of pH 6-activated current. F, Typical traces and quantifications showing the effect of N393Q coexpression on wild-type ASIC1a current. Numbers on the bars indicate the number of cells quantified. Asterisks indicate significant differences from wild-type ASIC1a ( p Ͻ 0.01, Student's t test).
increased current amplitude in oocytes (Fig. 6C) . Another difference between the two studies is that we used mouse ASIC1a while Kadurin et al. (2008) used rat ASIC1a. We therefore asked whether the N366Q mutation has differential effects on ASIC1a from different species. We generated the same mutation in rat and human ASIC1a and analyzed their current in both CHO cells and Xenopus oocytes. N366Q in rat ASIC1a also increased current density (in CHO cells) or amplitude (in oocytes) (Fig. 6 D, E) . In contrast, an N368Q mutation in human ASIC1a (equivalent to N366Q in mouse and rat ASIC1a) had no effect on ASIC1a current amplitude (Fig. 6 F, G) . These data suggest that the effect of N366Q is species-dependent, although we still do not know the reason for the discrepancy between the previous (on rat ASIC1a) and current study. Nevertheless, our electrophysiology recording in CHO and oocytes are consistent with our biochemical analysis on surface expression. Moreover, our functional results on acidosis-induced spine loss in organotypic hippocampal slices (see below and Fig. 8 ) also support an increased pH sensitivity and/or current of N366Q.
Acidosis reduces spine density and length via ASIC1a
The dendritic presence of ASIC1a suggests the hypothesis that acidosis has a specific effect at the dendritic region. This hypothesis is interesting because current literature has mainly studied acidosis on neuronal survival (Immke and McCleskey, 2001; Yermolaieva et al., 2004; Askwith, 2008, 2009; Duan et al., 2011) . However, a site-specific effect at the dendritic region is critical functionally because dendritic and/or spine remodeling plays a key role in regulating neuron physiology and is associated with changes in plasticity (Bhatt et al., 2009 ). To test the above hypothesis, we transfected organotypic hippocampal slices with Lck-GFP and treated the slices for 1 h with a pH 7.4 or a pH 6.0 medium. Somewhat surprisingly, 1 h pH 6.0 treatment had no apparent effect on dendrites (Fig. 7A) . Since enlargement or "blebbing" of dendritic shafts was a typical phenomenon observed during dendrotoxicity (Oliva et al., 2002; Chen et al., 2011) , we further quantified the shaft width of apical dendrites and found that pH 6 treatment had no significant effect on the width of dendritic shaft (Fig. 7A) .
Next, we analyzed dendritic spines and found that pH 6.0 reduced spine density in a time-dependent manner (Fig. 7B) ; 30 min treatment had no significant effect on spine density while 60 min and 90 min treatment led to a 21 and 31% reduction, respectively. Interestingly, at 30 and 60 min, but not 90 min, pH 6 also reduced the average length of dendritic spines. Since ASIC1a is the primary postsynaptic proton receptor in brain neurons (Zha et al., 2006) , we further asked whether the effect was mediated by ASIC1a. Deleting ASIC1a abolished pH 6-induced reduction in spine density and length (Fig. 7C) . Indeed, pH 6 further led to a marginally significant ( p ϭ 0.032, one-tailed t test) increase of spine density in ASIC1a Ϫ/Ϫ slice neurons (Fig. 7C ). These results demonstrate that acidosis reduces spine density and length in a time-and ASIC1a-dependent manner.
N366Q and N393Q changed glycosylation and dendritic targeting, and N366Q also increased pH sensitivity of ASIC1a. Therefore, we speculated that these mutants would affect acidosis-induced spine loss. We transfected hippocampal slices with wild-type ASIC1a, N366Q, or N393Q mutant together with Lck-GFP, and treated the slices with acidic media. Neurons expressing wild-type ASIC1a showed a 24% spine loss and a 13% reduction in spine length in response to a 1 h pH 6 treatment, while pH 6.5 had no significant effect (Fig. 8 A-C) . To better compare the effect of ASIC1a overexpression to that of endogenous ASIC1a, we analyzed neurons transfected with empty vector or wild-type mouse ASIC1a. We found that pH 6 reduced spine density and spine length to an extent similar to that in neurons expressing empty vector or mouse ASIC1a (Fig. 8 D) . In contrast, pH 6 reduced spine density of N366Q-transfected neurons by 36%, significantly higher than that of WT ASIC1a ( p ϭ 0.0347, pairwise t test). Consistent with an increased pH sensitivity, N366Q-expressing neurons showed a 26% spine loss at pH 6.5, significantly higher than that of WT ASIC1a ( p ϭ 0.0105, pairwise t test). Since N393Q was restricted to the cell body and reduced pH-activated current in a dominant-negative manner, we speculated that N393Q would abolish the effects of acidosis. Indeed, acidic media did not reduce spine density of N393Q-transfected neurons. Rather, both pH 6.5 and pH 6 increased spine density of N393Q-expressing neurons, a result consistent with our data in ASIC1a Ϫ/Ϫ slices (see Fig. 7C ). In addition to the change in spine density, spine length was also affected by N366Q and N393Q. Table 1 presents a summary of these data. Together, our results suggest that maturation of ASIC1a plays a critical role in regulating acidosis-induced spine remodeling.
Discussion
Our results revealed two major findings concerning ASIC1a regulation and function. First, we demonstrated that acidosis reduced spine density and length in an ASIC1a-dependent manner. This finding extends the current knowledge concerning acidosis in neuronal injury and uncovers a novel link between acidosis and changes in synaptic connectivity. Second, our data tied ASIC1a glycosylation with its trafficking. Not only are these processes pivotal to ASIC1a biogenesis, our results further emphasize the importance of these processes in regulating ASIC1a channel properties and acidosis-induced spine remodeling. These data highlight the importance of ASIC1a glycosylation and acidosis in regulating neural plasticity.
Regulation of ASIC1a glycosylation
It is interesting that most ASIC1a in the brain contained N-linked glycans that were endo H-resistant. This observation contrasts with our results in CHO cells and a previous study in Xenopus oocytes (Kadurin et al., 2008) , where the majority of ASIC1a was immature. Nevertheless, in both in vivo and in vitro systems, matured ASIC1a was preferentially inserted into the cell membrane. These data indicate that regulating protein maturation is an efficient way to control ASIC1a function.
It is also interesting to observe that the two glycosylation sites on ASIC1a had opposite effects. While maturation of Asn393 was required for ASIC1a biogenesis, glycosylation of Asn366 was dispensable. Indeed, mutating Asn366 increased the percentage of endo H-resistant ASIC1a, suggesting that the maturation of N-glycans linked to Asn366 is an inefficient process during ASIC1a biogenesis. The exact mechanism for this phenomenon is unclear. However, Asn366 is partially buried in the crystal structure (Jasti et al., 2007; Gonzales et al., 2009) , which suggests that glycans on this residue may not be processed efficiently and thus may increase the retention of ASIC1a early in the secretory pathway. This is a critical point, because it suggests a potential layer of ASIC1a regulation in the ER. It will be of future interest to test whether ER stress affects the maturation process of ASIC1a. Of note, ASIC1a contributes to multiple diseases, including stroke, multiple sclerosis, and seizures; all generate ER stress Friese et al., 2007; Ziemann et al., 2008) . Thus, answering the above question will provide important insights toward a better understanding of how acidosis and ASIC1a contribute to diseases. 
ASIC1a in dendritic spines
Targeting to different neuronal compartments is a fundamental process that regulates the functional outcome of an ion channel. Using an EGFP to mark transfected neurons, we previously showed that ASIC1a is present in most dendritic spines (Zha et al., 2006 (Zha et al., , 2009b . However, a membrane protein may show a higher intensity in spines than a soluble GFP. Thus, it remains questionable whether ASIC1a was preferentially enriched in spines. We found here that the relative level of ASIC1a in spines was significantly higher than that of the membrane-anchored Lck-GFP. This result is consistent with previous studies showing an enrichment of ASIC1a in synaptosomal preparation (Wemmie et al., 2002; Zha et al., 2009b) , and demonstrates clearly that ASIC1a is preferentially trafficked to dendritic spines.
As suggested by its localization, ASIC1a regulates spine remodeling. Knocking down ASIC1a or expressing a dominantnegative ASIC1a reduces spine density (Zha et al., 2006) . Consistent with these data, expressing N393Q, which reduced surface expression, dendritic targeting, and acid-induced current, decreased spine density in control pH 7.4 conditions. On the other hand, ASIC1a overexpression increased spine density in our previous work but did not have significant effect on spine density here. The reason for this discrepancy is unclear, but possibly stems from the difference in species used. In our earlier study, we used human ASIC1a in transient transfection, or transgenic mice carrying a human ASIC1a transgene (Zha et al., 2006) . Here, we used mouse ASIC1a, which has drastically (ϳ10-fold) reduced current compared with human ASIC1a (Fig. 6 B vs 6 F; 6C vs 6G). Thus, it is possible that overexpressing mouse ASIC1a may not lead to as dramatic a change in acid-activated responses as human ASIC1a. Another possible explanation is the age of slices. For organotypic rodent hippocampal slices, spine density is ϳ0.5-0.8/m in cultures of Յ2 weeks and reaches a plateau of 1.0 -1.2/m at ϳ2-3 weeks in culture (Collin et al., 1997; De Simoni et al., 2003) . In our previous studies, we used P13-P14 slices, which are relatively immature (Zha et al., 2006 (Zha et al., , 2009b . In contrast, the P17 slices used here had a spine density of 1.0 -1.1/ m, which reached or was close to the plateau value of a mature culture (Collin et al., 1997; De Simoni et al., 2003) . It is possible that this developmental change also contributes to the lack of an effect of ASIC1a overexpression. Although the exact mechanism remains to be clarified in future studies, our results suggest that multiple factors contribute to the effects of ASIC1a on spine remodeling.
Acidosis and remodeling in dendritic region
While it has been known for some time that ASICs localize to dendrites and mediate proton-induced increase in [Ca 2ϩ ] i there (Wemmie et al., 2002; Alvarez de la Rosa et al., 2003; Zha et al., 2006 Zha et al., , 2009b , no study has addressed a potential site-specific effect of acidosis in the dendritic region. Our finding that 1 h of pH 6.0 treatment had no obvious effect on dendritic architecture is somewhat unexpected, given that dendrites are sensitive to excitotoxic stimuli (Oliva et al., 2002; Chen et al., 2011) . Nevertheless, this result is consistent with one electron microscope study showing that there was no major morphological changes in dendrites after 1-1.5 h of respiratory acidosis, which decreased brain pH to 6.3-6.0 (Schlote et al., 1975) .
Although acidosis had no major effect on dendrites, it reduced spine number. We speculate that this effect is due to increased excitotoxicity resulting from ASIC1a activation; deleting ASIC1a, which abolishes acidosis-induced [Ca 2ϩ ] i increase in spines (Zha et al., 2006) , excluded the effect of acidosis on spine reduction. It will be of future interest to test whether acidosis-induced spine loss requires neural activity. Further, our data confirm the importance of ASIC1a maturation and trafficking in this process. Expressing N366Q, which increased maturation and dendritic targeting of ASIC1a, potentiated acidosis-induced spine loss at Note that the direction of changes with ASIC1a and N366Q overexpression was the same as that of endogenous ASIC1a. In contrast, the changes in N393Q-expressing neurons were in the same direction as those in ASIC1a knockout neurons.
both pH 6 and 6.5. Conversely, expressing N393Q, which showed defective glycosylation and trafficking, had the opposite effect. One puzzling finding is that acidosis increased spine density of ASIC1a Ϫ/Ϫ slice neurons or N393Q transfected neurons. These data suggest that acidosis also activates an ASIC1a-independent process, which leads to an increase in spine number. The exact mechanism for this effect will be of interest for future investigations.
In addition to spine numbers, spine geometry also plays critical roles in the integration and amplification of synaptic signals (Koch and Zador, 1993; Bloodgood and Sabatini, 2007) . In particular, spine length controls the diffusion of signals or coupling between spine head and dendritic shaft (Majewska et al., 2000; Bloodgood and Sabatini, 2005; Noguchi et al., 2005) . Here, we found that acidosis also regulates spine length in an ASIC1a-dependent manner. While further studies will be needed to directly assess the exact physiological significance of these changes, our results reveal for the first time a site-specific effect of acidosis on the dendritic region. Moreover, remodeling of dendritic spines, the sites for the majority of excitatory neurotransmission, correlates with changes in neural plasticity (Bhatt et al., 2009; Kasai et al., 2010) . Thus, acidosis-induced spine remodeling further suggests that this process contributes to long-term changes in multiple neurological diseases.
